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Neutron activation analysis measurements are known to be affected by the presence 
of hydrogen within the sample in question. However, the mechanism of this phenomenon, 
particularly in epithermal neutron activation analysis, has not been fully studied and 
quantified. Using MCNP6 models of the University of Texas at Austin epithermal 
pneumatic tube irradiation location within the Nuclear Engineering Teaching Laboratory’s 
TRIGA reactor, the effects of the presence of hydrogen in samples are measured. Mixtures 
of water and sodium acrylate, a polymer with strong water absorption and retention 
properties, are modeled in varying ratios and densities, creating a distribution of sample 
materials with varying hydrogen contents. These models provide insight into the neutron 
capture rate changes that take place within hydrogenous epithermal neutron activation 
analysis samples. The results show a quadratic relationship between capture rates and 
hydrogen mass within the samples. 
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1. Introduction  
Neutron activation analysis (NAA) is a technique used to identify the elemental 
compositions of unknown samples. Most commonly, NAA utilizes thermal neutrons 
generated in nuclear research reactors to activate the stable isotopes of the sample. The 
neutron irradiated sample generates characteristic gamma rays based on which stable 
isotopes are present. In counting the characteristic gamma rays, the elemental composition 
of the sample material can be determined. However, in some cases, NAA utilizing 
epithermal neutrons can offer significant advantages, particularly in the detection of trace 
elements that are undetected or yield poor counting precision in traditional thermal NAA. 
For example, this could be the case for an element with a low thermal absorption cross 
section in a dilute mixture with an element with a high thermal absorption cross section. In 
that case, the high thermal absorption cross section element may dominate the counting 
signal, making it very difficult to measure the low thermal absorption cross section 
element. In epithermal NAA (ENAA), a thermal neutron absorber such as cadmium or 
boron is placed around the sample, effectively eliminating neutrons below a cutoff energy 
(about 0.7 eV for cadmium) from reaching the sample. This leaves primarily epithermal 
neutrons to react with the nuclides in the samples that can later be identified through 
gamma counting. 
A continuing source of difficulty in the field of NAA and in particular ENAA, is 
the scattering of neutrons in samples, especially samples containing significant quantities 
of hydrogen. When a sample, particularly a large sample, contains significant quantities of 
hydrogen, scattering reactions with the hydrogen can significantly alter the properties of 
the incident neutrons within the sample, leading to skewed results. It is the purpose of this 
study to explore this phenomenon and determine the relationships between hydrogen 
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content within ENAA samples and the measured neutron capture rates within those 
samples.  
In this study, experiments will be conducted using models of the University of 
Texas at Austin’s TRIGA reactor, specifically the cadmium-shielded epithermal pneumatic 
tube (EPNT) irradiation location, utilizing the Monte Carlo N-Particle Version 6.2 
transport code (Werner 2017). Using the water-absorbent polymer sodium acrylate, sample 
materials with varying water contents (and, in turn, hydrogen contents) will be modeled in 
the EPNT. By conducting Monte Carlo simulations of the configuration, this study aims to 
explore how hydrogen in these ENAA samples alters the measured capture rates in the 23Na 
within these samples. Models will also be created for sodium acrylate samples of constant 
hydrogen percentages but varying density to allow analysis of the effects of sample density 
on capture rates. Models of capture rates at various depths within samples of various 
hydrogen percentages will be studied, as well as epithermal self-shielding factors from 
each of these models, a relationship between capture rates in 23Na within the samples and 
hydrogen mass within the sample is observed, and the effects of elastic scattering reactions 
within the samples on capture rates will be studied. 
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2. Literature Review 
Broadly speaking, much work has been done in the field of self-shielding in neutron 
activation analysis samples. In particular, some work has looked at different geometries of 
NAA samples and developed factors for correcting for these phenomena. For instance, 
Buczko and Borbely (1978) produced a study on thermal neutron flux in absorbing samples 
and found that flux perturbation inside foils could be fit using a polynomial curve. 
Goncalves, Martinho, and Salgado went a step further by formulating a universal method 
for calculating epithermal resonance self-shielding factors for a given material in wires 
(2001) and foils (2002) using Monte Carlo modeling, and subsequently introduced factors 
for solving their equations while expanding its use to spheres (2003) and cylinders (2004) 
as well. Their formulas take into account the perturbation of the flux at the resonance 
energy, resonance absorption and scattering cross sections, and the resonance energy 
width, among other factors. Chilian et al. (2006) adapted those formulas to include highly 
absorbing NAA sample materials, provided practical expressions for their cylindrical 
geometry formulas (2006), and provided calculated results and experiments using a reactor 
to support their formulas (2008). In these works, the authors define a resonance self-








     (Equation 1) 
where t is the thickness of the sample, 𝛷(𝐸)is the perturbed flux inside the sample, 
𝜎𝑛𝛾(𝐸)is the (n,𝛾) cross section, 𝛷𝑜(𝐸)is the unperturbed flux, and E1 and E2 are the lower 
and upper limits around a resonance energy. For a given sample size, the neutron energy 





   (Equation 2) 
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where 𝑅𝑅(𝐸, 𝜌0) and 𝑅𝑅(𝐸, 10
−6𝜌0) are the reaction rates for the energy E, corresponding 
to the densities 𝜌0 and 10
−6𝜌0, respectively. In the present study, epithermal resonance 
self-shielding factors for the 23Na resonance peak at 2.85 keV will be calculated using 
MCNP and equations 1 and 2, using this methodology of modeling a realistic density 
followed by an extremely dilute density in samples of varying hydrogen percentage. 
Changes to the resonance self-shielding factor as a function of hydrogen percentages within 
the samples will be noted.   
Another good study of self-shielding in NAA samples comes from Overwater 
(1994), which provides lots of methodology and detail on large sample neutron activation 
analysis and corrections for the self-shielding. However, this study also assumes well 
thermalized neutrons and therefore does not take into account self-thermalization, and 
specifically warns against the use of hydrogenous samples due to self-thermalization. 
While the aforementioned studies provide great insight into potential pitfalls of self-
shielding in NAA samples and methods for correcting for this phenomenon, a gap still 
exists in specifically analyzing the effect of hydrogen in NAA samples being irradiated by 
reactor epithermal neutrons. 
Fermi and his associates (1934, 1935) first discovered hydrogen’s effect on neutron 
energy and neutron activation of elements shortly after the discovery of the neutron itself 
(Chadwick 1932). Since then, hydrogen’s neutron-thermalizing properties have led to 
numerous applications in the fields of materials identification. For instance, sensing 
thermalization and scattering of epithermal neutrons has been used to determine hydrogen 
contents in metals (Gavin, Slovacek, Vought 1969; Meyer and Miller 1986; Miller et al. 
1991; Groza 2003). Similar techniques based on have been proposed to detect hydrogen in 
contraband or landmines by measuring the thermalization of epithermal neutrons (Bom 
2006, Csikai 2007, Doczi 2008, Papp 2010). Another application that has been explored is 
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measuring the hydrogen content of liquids, including those passing through pipes (Wada 
1974, Ciechanowski 1988). The IAEA even commissioned a coordinated research project 
entitled “Bulk Hydrogen Analysis, Using Neutrons” which sponsored numerous 
experiments related to detecting neutrons in a variety of materials using neutrons (IAEA 
1997).  
Some interesting work has been done specifically on neutron activation analysis of 
hydrogenous materials as well. In particular, researchers in Csikai, Kiraly, Doczi and their 
associates have produced numerous studies on the topic. Csikai et al. (2002) built upon 
Buczko and Borbely’s work (1978) and calculated thermal perturbation factors in graphite 
and hydrogenous materials both numerically using MCNP and experimentally using Am-
Be or Pu-Be neutron sources and Au or Dy foils. Kiraly et al. (2003) began to extend this 
type of study to epithermal neutrons using cadmium shielded foils and concluded, among 
other findings, that reaction rates and hydrogen content in samples were correlated and that 
thermalization of epithermal neutrons takes place in hydrogenous NAA samples. Doczi et 
al. (2005) did further experiments on the effects of hydrogenous materials on the activation 
of foils as a method of measuring hydrogen content in materials. However, these studies 
were primarily concerned with identifying the hydrogen content in a sample, rather than 
studying its effect on the detection of other elements. 
Most importantly to the present study, several other studies have looked even more 
specifically on hydrogen’s effect on detection of elements via NAA, with somewhat mixed 
results. Trubert et al. (1991) showed enhanced reaction rates of samples dissolved in light 
water as opposed to heavy water when exposed to reactor-generated thermal neutrons. 
Their experiment showed that the relative enhancement of the reaction rate in the samples 
dissolved in light water over similar samples dissolved in heavy water increases linearly 
with hydrogen percentage. Trubert et al. (1991) offer thermalization of “quasi-thermal” 
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neutrons due to increased scattering as an explanation for increased rates in target nuclei 
without strong resonance peaks. Additionally, Trubert et al. (1991) offers slowing down of 
higher energy neutrons into the resonances of elements with resonances such as cadmium 
and samarium, coupled with an initial neutron flux depression in these energy regions due 
to reactor elements containing cadmium, as the reason for the increased reaction rates in 
these elements. Interestingly, Trubert et al. (1991) found no reaction rate enhancement in 
a smaller volume sample of sodium that was wrapped in cadmium foils, suggesting that 
the slowing of epithermal neutrons was less significant in this smaller volume.  
Mackey et al. (1991) report results from a similar study using a prompt gamma 
NAA facility at the University of Maryland, where elements of interest were dissolved in 
mixtures of light and heavy water and irradiated. In this study, samples of various shapes 
and H contents were analyzed, to test the hypothesis that spherical samples would eliminate 
the sensitivity enhancements in hydrogenous materials. They found linear enhancement of 
the sensitivity for each element analyzed based on hydrogen content when in bags, but no 
enhancement when the samples are in spherical shapes, suggesting that elastic scattering is 
responsible for the enhancement seen in hydrogenous samples. Using this result as a 
starting point, the present study will also use MCNP models to examine elastic scattering 
in hydrogenous samples and determine their relationship to changing capture rates in NAA 
nuclides of interest.  
Alamin and Spyrou (1995) also studied the effect of hydrogen in NAA samples, 
specifically in bulk samples, and also observed enhanced reaction rates in hydrogenous 
samples. In this study, dried, bulk NAA samples were compared with samples containing 
known amounts of water. Using neutrons generated by an Am-Be source, they found 
increased sensitivity for the NAA elements in question in the first few percent of added 
water. After the first few percent, the sensitivity tended to remain steady. The sensitivity 
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enhancement varied from sample to sample, and no uniform pattern was observed. Alamin 
and Spryou’s (1995) study provides some background for the present study, however they 
did not appear to control the volume and mass of the samples closely, and did not 
specifically look at epithermal neutrons.  
The present study will build on these results with the goal of providing more detail 
on this reaction rate enhancement phenomenon studied by Trubert et al., (1991) Mackey 
et al.,(1991) Alamin et al., (1995) and others, particularly focusing on the contributions of 
elastic scattering and thermalization of neutrons to this observed reaction rate enhancement 
phenomenon. Through Monte Carlo simulations, the present study will seek to identify 
whether reaction rate enhancement takes place in hydrogenous samples irradiated in the 
Nuclear Engineering Teach Lab EPNT irradiation location, and if so, to study the 
mechanisms by which the change takes place and to quantify the change that takes place 
as a function of hydrogen content.  
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3. Model Validation 
3.1 FOIL MEASUREMENTS 
Before commencing with models using sodium acrylate as a sample material, 
results from models of the EPNT were compared with experimental measurements of gold 
foils irradiated in the EPNT. The EPNT is an aluminum pneumatic tube with cadmium 
lining of 1 mm thickness that drastically reduces neutrons below 0.7 eV. Foils 
measurements were conducted in accordance with ATSM International standards (ATSM 
E722-14). To measure the total reaction rate in the EPNT, a gold foil of approximately 0.04 
grams was placed into a polyethylene container of outer dimensions 55 mm in height and 
16 mm in diameter. For epithermal reaction rate measurements in the EPNT, similarly sized 
gold foils were irradiated with additional cadmium cover of 0.5 mm thickness within the 
container surrounding the foil sample to shield any remaining thermal neutrons. Each foil 
measurement was conducted with the foils at a height of approximately 10 mm below the 
axial centerline of the fuel region in the reactor. Details of sample and irradiation 
parameters are shown in Table 1. 
Table 1: Details of foil irradiation 
Foil Foil Mass 
(g) 
Purity Irradiation Time (s) 
EPNT – Au Bare 0.04295  0.00134  60 
EPNT – Au w/ Cd Cover 0.04376  0.00134  60 
After irradiation, gamma rays from each sample were counted using two different 
fixtures, one holding the sample 4 cm off the face of the detector (referred to as “Stand B”) 
and the other holding the sample 10 cm off the face of the detector (“Stand D”). An Ortec 
Model GMX35P4-70 detector was used in the experiment. 
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In the irradiated gold foil, the 197Au captures a neutron and becomes 198Au, which 
then releases a 411 keV gamma ray with a branching ratio of 95.5% as it beta decays to 
198Hg with a half-life of 2.697 days. With this knowledge, and the measurements of 
gammas during the count at a known time after the irradiation, the reaction rate in the 
sample during irradiation can be determined. The data from the counting can be seen 
below. For the gold samples, the peak counted is at 411 keV.  The details of the gamma 
counting of the samples are shown in Table 2 
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601980  3600 5.825493  1.22335  3.35 1.85 
With this data and known values, the saturation activity and the reaction rates of 
the neutron capture reaction in the 197Au can be calculated. The results shown in Table 3 
are the averages of the calculations for the two gamma measurements from Stand B and 




Table 3: Reaction rates in samples 
Sample in EPNT Reaction Rates 
(reactions/sec/atom) 
Reaction Rate Uncertainty 
(reactions/second/atom) 
Au Bare 3.34E-10 4.96E-12 
Au w/ Cd Cover 3.24E-10 4.82E-12 
These results from the foil measurements were then compared with results from an 
MCNP model of the reactor and irradiation facility in order to validate the model as a well-
founded method of studying neutron behavior in hydrogenous samples. Specifically, 
reaction rates of the bare gold foils were compared with reaction rates with additional 
cadmium shielding to obtain the cadmium ratio, or the ratio of bare reaction rate to 
cadmium covered reaction rate. From the values above, the cadmium shielded gold foil had 
a reaction rate that was 97.05 ± 0.02 % that of the bare gold, giving a cadmium ratio of 
1.0304 ± 0.0002. As expected, very few of the (n,γ) reactions in the gold inside the EPNT 
occur due to thermal neutrons because of the cadmium lining of the EPNT itself, resulting 
in a very low cadmium ratio. This value for cadmium ratio was then compared with outputs 
from the MCNP model, which specified total reaction rates and reaction rates due to 
neutrons above the cadmium cutoff of 0.7 eV. 
3.2 MCNP MODEL OF GOLD IN EPNT 
The TRIGA reactor at UT Austin’s Nuclear Engineering Teaching Laboratory was 
then modeled in MCNP with gold inside the container in the EPNT, and neutron capture 
reaction rates in gold were tallied. In the model, the gold foils were modeled as a low-
density material that completely filled the sample container, such that the mass of the foil 
was evenly distributed throughout the sample container. In this way, the larger volume of 
material allowed for reduced uncertainties in the model. In the model, the cross sections 
used were ENDF/B-VII.1 tables, with the exception of the Zr in the UZrH fuel, which used 
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the ENDF/B-V:X table instead (Chadwick 2011). The appropriate ENDF/B-VII.0 S(α,β) 
cards were used in the UZrH fuel, water, and graphite in the reactor, as well as in the 
polyethylene NAA sample container. The container has inner dimensions of 54 mm in 
height and 14 mm in diameter. The KCODE criticality source card was utilized to model 
the reactor, and 5,000 cycles of 100,000 histories were utilized to minimize error in the 
tallies. Four images generated by MCNP of the reactor, the EPNT, and the sample location 
are shown in Figure 1 
 
 
Figure 1: Top left: XY cross section of the reactor; bottom left: XY cross section of the 
container within the EPNT; top right: YZ cross section of the reactor 
centered on the sample container within the EPNT; bottom right: YZ cross 
section of the container within the EPNT. 
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Tally multipliers measuring the (n,γ) reaction rate in the gold were utilized in the 
model. Using this model, the total capture rate and the capture rate with neutrons in the 
range of 0.7 eV to 10 keV were tallied to quantify the modeled cadmium ratio. All tallies 
from MCNP are given in units per source particle, with a source particle calculated in 
different ways based on the type of simulation. Most of the reaction rate tallies presented 
in this work are in units of reactions/atom/source particle. For tallies in this work with units 
of reactions/atom/source particle, the rate of emission of source particles can be related to 











 is source particles per unit time, P is the power of the reactor, 𝜈 is the number of 
neutrons released per fission, RE is the recoverable energy per fission, and 𝑘𝑒𝑓𝑓 is the 
criticality of the reactor given by the simulation. In this work, results will be given in units 
per source particle so they may be extrapolated for any reactor power.  The factor of 10-24 
is a result of MCNP calculating a flux in units of 1/cm2/source particle, then multiplying 
by reaction cross sections in units of barns.  
From the model, the cadmium ratio in the gold was taken to be the ratio of total 
reactions to reactions occurring due to neutrons in the 0.7 eV to 10 keV region. The capture 
rate vs. the incident neutron energy, along with the cadmium ratio resulting from the model 
is shown in Figure 2. 
 13 
 
Figure 2: Neutron capture rate in reactions per atom per source particle, normalized to the 
width of each of the energy bins. The cadmium ratio of gold in the EPNT 
was 1.03 ± 0.03, according to the model.  
The reaction rate results from the MCNP model of the EPNT agree very well with 
the experimental results from the gold foil measurements. The experimental results gave a 
cadmium ratio of 1.0304 ± 0.0002, while the model gave a result of 1.03 ± 0.03. Thus, the 
capture rate distribution in the model agrees with the actual results of the gold foil 
measurements within its margin of error. 
  
 14 
4. Modeling Capture Rate in Sodium Acrylate/Water Mixtures 
With the model of the EPNT in the reactor validated, similar models using different 
sample materials could be created. In this case, models of sodium acrylate mixed with 
water in varying concentrations or densities were modeled, thus allowing for comparison 
of reaction rates of material with varying hydrogen content. The models used were initially 
written by W. Charlton and were provided via personal communication. The author of this 
work modified the models to produce the results contained herein. 
 Dry sodium acrylate has a chemical formula of C3H3NaO2 (National Center for 
Biotechnology Information 2020), and therefore a calculated hydrogen content of 3.22 
weight percent. This hydrogen content, along with the other elements in their respective 
abundances, were modeled as the pure sodium acrylate sample. Different quantities of 
water were added to the model sample, thus creating samples of varying hydrogen contents 
from 3.22 weight percent up to near the hydrogen content of pure water, 11.19 weight 
percent. The effect of the oxygen in the added water was largely ignored due to its 
drastically smaller neutron cross sections than hydrogen, as well as its far less significant 
neutron thermalizing properties. The model used in these simulations was identical to those 
from the gold simulations, except the gold was replaced with the sodium acrylate/water 
samples of varying densities and hydrogen concentrations. This chemical was chosen as 
the model because of its good water retention properties, and because the other nuclides in 
sodium acrylate do not capture neutrons as strongly as 23Na. Reaction rates in the 23Na 
within the sample were studied. 
Reaction rates and other data in subsequent sections are presented in scatter plots 
with associated error bars for each data point. For plotted data points in which no error bar 
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is visible, errors were less than ±1% of the data point and were too small to show up on the 
plots. 
4.1 CAPTURE RATE CHANGE IN 1 GRAM MIXTURES OF SODIUM ACRYLATE & 
WATER SAMPLES 
The first set of eighteen models contained different ratios of sodium acrylate/water 
mixtures. Similar to the gold models, the density of these model samples was diluted such 
that they were distributed evenly throughout the sample container. In these tests, a 
hypothetical sample of 1 gram was distributed evenly through the container such that a 
dilute material of density 0.1203 g/cc entirely filled the container, the purpose being to 
reduce errors in the models.  
The models revealed that total capture rates in 23Na increase as hydrogen content 
in the sample increases. Thermal capture rates increase significantly, while epithermal 
capture rates remain relatively constant. The reaction rate results are shown in Figure 3, 




Figure 3: Capture rates in the 23Na within the sodium acrylate/water mixture are higher in 
samples containing greater quantities of hydrogen. The relationship between 
hydrogen weight percent and reaction rate is linear. Error bars for each data 
point were less than ±1%.  
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Figure 4: Percentage change in 23Na capture rates of thermal, epithermal, and all neutrons 
in sodium acrylate/water mixtures. Errors were higher in the thermal percent 
change range due to fewer captures taking place than in the epithermal 
region. 
The total and thermal capture rates in the 23Na increase linearly with increasing 
hydrogen content, while epithermal reaction rates remain relatively constant. Thermal 
captures increase significantly, with the highest hydrogen content sample having a thermal 
reaction rate 13% higher than that of the dry sample. The highest hydrogen content sample 
has a total capture rate 6.7% higher than that of the lowest hydrogen content sample. This 
difference is consequential in NAA results. A very small increase in epithermal captures 
also occurs, but the trend is less significant and not well defined. The increased thermal 
capture in the hydrogenous mixtures is the source of most of the increased total capture 
rate, which is shown in Figures 3 and 4. 
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The percentage of neutron captures occurring due to epithermal neutrons in the 
samples of varying hydrogen contents is shown in Figure 5.  As the hydrogen content of 
the sample increases, a smaller percentage of the captures taking place in the sample are 
actually due to epithermal neutrons.  
 
Figure 5: Of all the neutron captures occurring in the 23Na in the sample, the percentage 
of captures occurring with epithermal neutrons. Errors at each data point 
were under ± 0.55 %, or about ±1% of each measurement. 
. The more hydrogenous the sample, the lower the percentage contribution of 
epithermal neutrons to the total capture rate became. The change was rather small but 
significant in the study of ENAA of hydrogenous samples. 
Additionally, the flux spectrum of these mixtures was also modeled. The results of 
those models showed a correlation between the presence of hydrogen and a shift in the flux 
spectrum towards thermal energies. To illustrate the changing flux within the hydrogenous 
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sample, the percentage change in thermal, epithermal, and fast neutron flux as a function 
of hydrogen added to the samples are shown in Figure 6.  
 
Figure 6: Changes in flux energy groups as a function of hydrogen weight percent within 
the sodium acrylate/water samples. Epithermal and fast flux stay relatively 
constant, while thermal flux that was initially depressed by the cadmium 
liner of the EPNT increases roughly linearly.  
From Figure 6, it is clear that the thermal flux experiences a significant percentage 
increase with increasing hydrogen weight percent, while epithermal and fast flux remain 
relatively constant. The cadmium liner of the EPNT depresses the initial thermal flux in 
the samples, so significant increases in thermal flux can occur even while epithermal, fast, 
and total flux stay relatively constant.  
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4.2 CAPTURE RATE CHANGE IN LARGE SAMPLES OF SODIUM ACRYLATE & WATER 
MIXTURES 
In models of similar sodium acrylate/water samples of more realistic density, 
results were even more pronounced. Eighteen models were conducted, once again 
modeling varying hydrogen contents, only this time using a sample density of 1.0 g/cc 
filling the entire sample container. This is a more realistic density for sodium acrylate/water 
mixtures, but in a quantity not always used in NAA samples. Nonetheless, these models 
provide insight into the effect of hydrogen in large, cylindrical NAA samples. The thermal, 
epithermal, and total captures in the 23Na within the samples as a function of hydrogen 
content in the sodium acrylate/water sample mixture are shown in Figure 7, and the 
percentage increase in thermal, epithermal, and total capture rates in the 23Na as a function 





Figure 7: Total and thermal capture rates of the 23Na within the sodium acrylate/water 
mixture of density 1.0 g/cc. As with the dilute samples, the relationship 
between hydrogen weight percent and reaction rate is linear, and error bars 
for each data point were less than ±1%.  
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Figure 8: Percent changes in thermal, epithermal, and total capture rates in the 23Na 
within the sodium acrylate/water mixtures as a function of hydrogen weight 
percent added. 
In these models of denser samples, the linear increase in reaction rate as a function 
of hydrogen weight percent is more significant and precise. Furthermore, the increase in 
total captures can virtually entirely be attributed to the increase in captures of thermal 
neutrons. Captures in epithermal neutrons increased slightly, but were far outweighed by 
the increase in captures in thermal neutrons.  
This is further illustrated by Figure 9, which is analogous to Figure 5 in the previous 
section. The percentage of total captures occurring with epithermal neutrons in 23Na in the 
1.0 g/cc sodium acrylate/water mixtures as a function of hydrogen content in the samples 
is shown in Figure 9.  
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Figure 9: Percentage of total neutron captures by 23Na in the 1.0 g/cc sodium 
acrylate/water mixtures occurring with neutrons in the epithermal range, 
here defined as 0.7 eV – 10 keV. As hydrogen content increases, epithermal 
captures contribute less to the total capture rate. 
As the hydrogen percentage of the samples increases, the percentage of neutron 
captures occurring with epithermal neutrons decreases linearly. This result echoes the 
result of the dilute sample, but is even more pronounced and significant.  
As in the previous section, flux tallies in these models reveal that thermal flux 
within the sample increases. This trend is shown in Figure 10.  
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Figure 10: Percentage change in flux within the sodium acrylate/water mixture sample as 
a function of the hydrogen weight percent added to the sample. Thermal flux 
increases linearly. 
The thermal flux within the samples linearly increases with additional hydrogen 
content in the sample. In the 1 g/cc density samples, the linearity of the trend is well 
defined. Another trend becomes clearer in the models of the 1 g/cc samples is that fast flux 
decreases slightly with increasing hydrogen content. This result lends itself to the idea that 
neutrons within the hydrogenous samples are being thermalized to lower energies, causing 
slightly depressed flux in the fast region, relatively constant flux in the epithermal region, 
and sharply increased flux in the thermal region. 
The results from this and the previous sections show that the density of the sample 
plays a role in the effect of the hydrogen within the ENAA sample. The following section 
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will explore the relationship between sample densities, hydrogen content, and capture rates 
in 23Na within the sodium acrylate/water samples in greater detail.  
4.3 CAPTURE RATE CHANGE IN SAMPLES OF VARYING DENSITY 
The density of hydrogenous NAA samples also plays a big role in determining the 
capture rate enhancement of stable nuclides in the sample. In the models in this section, 
the hydrogen percentages of the sodium acrylate/water samples were kept constant, while 
the density of the samples was adjusted. All other parameters of the models were kept the 
same as the previous sections. Again, the capture rates in 23Na within the samples were 
tallied. Figure 11 shows the total 23Na capture rates in a sodium acrylate/water samples of 
3.22 weight percent hydrogen, 7.20 weight percent hydrogen, and 10.46 weight percent 
hydrogen as a function of the density of the samples.  
 
Figure 11: Neutron capture rate in 23Na in samples of sodium acrylate/water mixtures of 
3.22, 7.20, and 10.46 weight percent hydrogen at different densities. 
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The results show quadratic relationships between the reaction rates and the density 
of the samples. The particulars of the quadratic relationship are shown below, where the 
coefficients a, b and c are given by the standard quadratic equation 
𝑦 = 𝑎𝑥2 + 𝑏𝑥 + 𝑐         (Equation 4) 
where y represents the capture rate in 23Na in reactions/atom/source particle. The 
coefficients for the three curves are given in Table 4 along with the R2 values for the 
trend lines. 
Table 4: Quadratic fitting parameters for trend line displayed in Figure 11. 
Hydrogen Weight Percent (%) a (*10-7) b (*10-7) c (*10-6) R2 
3.22 1.204 5.782 3.439 0.999 
7.20 4.286 15.00 3.447 0.999 
10.46 6.485 2.643 3.306 0.999 
The parameters of the quadratic equation depend on the weight percent of hydrogen 
within the sample. As one might expect, the samples with higher hydrogen weight 
percentage increase more rapidly with increasing density than do the samples with lower 
hydrogen weight percentage.  
One important note relating to this data is that these quadratic relationships broke 
down at higher densities. The models that used densities higher than the densities shown 
in Figure 11 began to reach upper limits of capture rates of 23Na, such that only minimal 
increases in capture rates were observed with increasing density. However, this 
phenomenon only occurred with sample densities higher than those displayed in Figure 11, 
which are already well above realistic densities for sodium acrylate/water mixtures. 
Therefore, this phenomenon was ignored in the analysis of the data, but will be discussed 
further in subsequent sections. 
 27 
4.4 SELF-SHIELDING IN SODIUM ACRYLATE/WATER SAMPLES 
As mentioned above, the resonance self-shielding factor of a given resonance in a 
NAA sample material is given by equation 1. In the present study, the 2.85 keV resonance 
of the 23Na in sodium acrylate was measured, using 2.493 and 3.096 keV as the lower and 
upper bounds of the resonance. For each sodium acrylate/water mixture, the resonance self-
shielding factor was calculated from the tallies of reactions/atom/source particle in 23Na 
for model samples of 1.0 g/cc, considered to be a realistic density, and 10-6 g/cc, which will 
be treated as an infinitely dilute density that leaves the incident flux unperturbed. The 
results are shown in Figure 12.  
 
 
Figure 12: Resonance self-shielding factor as a function of hydrogen content within the 
sample. At low hydrogen content, the 1.0 g/cc sample has a lower reaction 
rate per atom than the diluted sample. As hydrogen content increases, the 
self-shielding increases and nears 1. 
 The resonance self-shielding factor for the 23Na 2.85 keV peak in the sample 
increases with increasing hydrogen content. At low hydrogen contents, the capture rate is 
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much lower in the sample of realistic density than the dilute sample. As the hydrogen 
content of the sample increases, this discrepancy is less dramatic; the resonance self-
shielding factor nears 1 at the higher hydrogen contents modeled. This result could explain 
the small increase in reaction rates in the epithermal region with increasing hydrogen 
content observed in the preceding sections; increased epithermal resonance absorption 
would contribute to higher epithermal reaction rates. Error in the data for Figure 12 was 
around ±2% for each data point, higher than other measurements in this work, because of 
the relatively narrow energy bin tallied for this result.  
More information can be gleaned from the thermal self-shielding factor, which also 
uses equation 1, but takes the energy bounds as 0-0.7 eV. Results for the thermal self-
shielding factor are shown in Figure 13.  
 
Figure 13: Hydrogen’s effect on thermal self-shielding. A linear increase in thermal self-
shielding factor occurs with increasing hydrogen content.  
This trend is the result of increased reaction rates in the thermal region with 
increasing hydrogen content. As expected, the reaction rates in the dilute samples did not 
 29 
change significantly; however, thermal reaction rates in the 1.0 g/cc samples increased 
dramatically with increasing hydrogen content. Reaction rates over the whole epithermal 
region (0.7 eV to 10 keV) and fast region (above 10 keV) did not change significantly with 
changing hydrogen content. Some further investigation into reaction rate and flux spectra 
within the samples shed further light on the phenomena occurring in these hydrogenous 
ENAA samples.  
4.5 CAPTURE RATES AS A FUNCTION OF DEPTH WITHIN THE SAMPLE 
Another modeling experiment was conducted to measure how the reaction rates of 
the samples change at varying depths within the sample. In these models, the sodium 
acrylate/water mixtures are modeled as filling the inside of the container entirely, making 
the sample a 5.4 cm height by 0.7 cm radius cylinder. For these experiments, the sample 
was broken down into five layers, from the outermost layer to the innermost layer. The 
layers consisted of concentric cylinders, such that layer 5 was completely enveloped by 
layer 4, layer 4 was enveloped by layer 3, and so on.  The layered model of the sample is 
shown in Figure 14, and the dimensions of the different layers are given in Table 5. In the 




Figure 14: MCNP geometry output showing the layered sodium acrylate sample. The left 
image shows a horizontal slice of the layers, the right image shows a vertical 
slice. The varying shades of orange are the sample. The lightest shade of 
orange is sample layer 1, and the darkest shade of orange is sample layer 5. 
Table 5: The dimensions of the layers of sodium acrylate sample modeled. 








1 0.7 0.6 5.4 4.4 
2 0.6 0.45 4.4 3.4 
3 0.45 0.3 3.4 2.4 
4 0.3 0.15 2.4 1.4 
5 0.15 - 1.4 - 
With this numbering convention, increasing layer number corresponds with 
increasing depth into the sample. Layer 1 is the outermost layer, while layer 5 is the 
innermost, central cylinder. The neutron capture tallies in the 23Na from each layer within 
the samples of each hydrogen content were compared. The results are shown in Figure 15. 
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Figure 15: Changes in neutron capture rates in each layer, in several concentrations of 
hydrogen. The hydrogen affects whether the reaction rate increases, 
decreases, or stays roughly constant with increasing depth into the sample. 
Plotted in Figure 15 are six of the results from tallies of sodium acrylate sample 
models with differing concentrations of water added. As the plot shows, throughout all 
layers, capture rates are higher in the samples with higher hydrogen percentage. 
Interestingly, the hydrogen percentage in the sample affects whether the capture rate in 
23Na increases, decreases, or stays relatively constant in the layers nearer to the center of 
the sample. In the models of samples with low hydrogen content, for instance the sample 
containing 3.22 weight percent hydrogen, the reaction rate is lowest in the central region 
of the sample. For those samples with higher hydrogen contents, such as the 10.92 weight 
percent hydrogen sample, the reaction rate is highest in the central region of the sample. 
And for the samples in the middle of this range, around 6 or 7 weight percent hydrogen, 
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the reaction rates stayed relatively constant throughout the sample. Error was higher, 
around ±2%, in the innermost layers because of the small volume of the innermost cylinder. 
Further investigation shows the source of this phenomenon is predominantly the 
capture of thermal neutrons. Figure 16 is a similar chart as Figure 15, but only accounting 
for captures of incident neutrons up to 0.7 eV. 
 
Figure 16: Thermal capture rates in 23Na within sodium acrylate samples of varying 
hydrogen content. 
The reaction rates in the epithermal region showed minimal change between layers, 
so the difference in total reaction rates is a result of the change in thermal capture rates 
shown in Figure 16. As with the total reaction rates, throughout all layers, samples with 
higher hydrogen content have higher thermal capture rates. The thermal capture rates 
increase with increasing depth within the sample in those containing high hydrogen 
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contents, decrease with increasing depth in samples that contain low hydrogen contents, 
and stay the same in samples containing hydrogen contents in the middle of this range.  
4.6 A TREND RELATING HYDROGEN CONTENT TO CAPTURE RATE 
Thus far in this work, reaction rate changes as a function of hydrogen content in 
ENAA have been observed in a few ways. There are two ways to adjust the total hydrogen 
content in the models while keeping the volume constant: adjust the hydrogen percentage 
within the sample, or adjust density of the whole sample. Through both of these methods, 
increased neutron capture rates in 23Na have been observed in sodium acrylate/water 
sample mixtures with larger amounts of hydrogen. The natural next step is to attempt to 
develop a relationship between the hydrogen content of the samples and the reaction rate 
changes. To do this, the mass of hydrogen within each sample was plotted against the 
neutron capture rate in 23Na within the sample, both for samples with varying hydrogen 
weight percent and varying density. The results are shown in Figure 17. 
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Figure 17: Neutron capture rates in the 23Na within sodium acrylate/water sample 
mixtures, plotted against the mass of hydrogen in the sample. 
From this plot, a clear quadratic relationship can be observed between the mass of 
hydrogen within the sample and the capture rates in 23Na within the sample regardless of 
variations in the hydrogen weight percent or sample density. Figure 18 and Figure 19 
display this phenomenon as a percentage change in the capture rates against the hydrogen 
mass within the sample. All samples are displayed in Figure 18. The samples with 
hydrogen mass contents between 0 and 1 gram, the range in which most of the data was 
taken, are shown in Figure 19. The trend line is identical in both plots. 
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Figure 18: Capture rate percentage change in the 23Na within the sodium acrylate/water 
sample mixtures vs. hydrogen mass within samples. 
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Figure 19: Capture rate percentage change in the 23Na within the sodium acrylate/water 
sample mixtures vs. hydrogen mass within samples. This figure shows the 
same data and trend line as Figure 19 but focuses on the models of samples 
with hydrogen mass contents less than 1 gram. 
 
As shown in Figures 18 and 19, according to the models presented in this study, for 
cylindrical sodium acrylate/water mixtures of 54 mm in height and 14 mm in diameter 
irradiated in the EPNT, neutron capture rates in the 23Na are related to the mass of hydrogen 
in the sample by the quadratic equation  
𝑦 = 36.761𝑥2 + 70.717𝑥             (Equation 5) 
where y is the percentage increase in the capture rates in 23Na, and x is the mass of the 
hydrogen within the sample in grams. For the samples modeled in this work, this simple 
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equation represents the trend between the percentage increase in capture rates and the 
mass of the hydrogen within the sample. 
 As mentioned previously, this trend breaks down in samples with modeled 
densities that are very high, and in turn, in samples with very high hydrogen contents. In 
models with sodium acrylate/water samples containing hydrogen masses larger than those 
displayed in Figure 18, the capture rates in 23Na within those samples plateaued, and did 
not increase significantly with increasing hydrogen content. However, the range of 
hydrogen mass for which this relationship holds encapsulates the vast majority of realistic 
NAA samples. Therefore, this relationship could prove to be a useful tool in correcting 
for hydrogen content within NAA samples.  
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5. Measuring Elastic Scattering’s Relationship to Increased Capture 
Rates 
With the relationship between hydrogen content and capture rates in the sodium 
acrylate/water mixtures well quantified, the next step is to analyze the mechanisms by 
which this occurs. As others have proposed (Mackey 1991), elastic scattering appears to 
be a predominant reason for the increased observed reaction rates in hydrogenous samples. 
To quantify the relationship between elastic scattering rates and neutron capture rates 
within hydrogenous samples, elastic scattering reactions within the sodium acrylate/water 
mixtures were tallied in the models. In this section, the same codes will be used as the 
preceding section, only instead of developing trends for capture rates, this section will 
focus on elastic scattering rates with respect to hydrogen contents in the models of the 
sample material. The goal will be to better understand the cause of the increased capture 
rates seen in the samples.  
For analysis of elastic scattering reactions taking place in the samples, all elastic 
scattering reactions taking place within the samples are considered, rather than just 
reactions with hydrogen or any other particular nuclide. In this way, hydrogen’s effect on 
the total number of elastic scattering reactions will be quantified. For this type of analysis, 
volumetric scattering rate in units of reactions/cm3/source particle is a better metric, 
because it quantifies the total amount of elastic scattering taking place within the samples. 
In tallies with units of reactions/cm3/source particle in this work, the source particle can be 







                    (Equation 6) 
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with the symbols representing the same values as in equation 3. This definition is very 
similar to equation 3, the only difference being that there is no factor of 10-24 included, 
because the units of barns are already converted by the MCNP tally.  
5.1 ELASTIC SCATTERING RATES IN 1 G SAMPLES OF VARYING HYDROGEN 
WEIGHT PERCENTAGE 
As with the measurements for capture rates in 23Na, the elastic scattering rates in 
the sodium acrylate/water mixtures were modeled in a dilute sample of 0.1203 g/cc, such 
that a 1 gram sample was evenly distributed throughout the sample container, the purpose 
being to reduce uncertainties in the tally measurements. The volumetric elastic scattering 
rate in samples of sodium acrylate/water mixtures with varying hydrogen weight 
percentage is shown in Figure 20.  The plot shows the total elastic scattering rate, as well 
as the scattering rates broken down by thermal, epithermal, and fast energy regions. The 
same data as percentage changes is shown in Figure 21. 
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Figure 20: Volumetric elastic scattering rates within sodium acrylate/water mixtures of 
0.1203 g/cc density (or in other words, a 1 gram sample evenly distributed 
throughout the sample container) as a function of hydrogen content. 
 41 
 
Figure 21: Percentage changes in volumetric elastic scattering rates within sodium 
acrylate/water mixtures of 0.1203 g/cc density (or in other words, a 1 gram 
sample evenly distributed throughout the sample container) as a function of 
hydrogen content. 
The elastic scattering reactions in the dilute sodium acrylate/water sample show 
increases that appear linear as a function of increased hydrogen weight percentage. Upon 
closer inspection using the percentage changes, each energy group appears to increase 
linearly, with the exception of the thermal elastic scattering data points, which appear to 
have some upward curvature characteristic of a quadratic relationship between thermal 
elastic scattering rates and hydrogen weight percentage within the samples.  
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5.2 ELASTIC SCATTERING RATES IN 1 G/CC SAMPLES OF VARYING HYDROGEN 
WEIGHT PERCENTAGE 
As with the capture rates, the elastic scattering rates were also tallied in sodium 
acrylate/water mixtures of 1 g/cc density with varying hydrogen contents. Figure 22 shows 
the results for total elastic scatters in the samples, as well as reactions broken down by the 
energy region for incident neutrons. Additionally, the results as percent changes are shown 
in Figure 23. 
 
 
Figure 22: Volumetric elastic scattering rates within sodium acrylate/water mixtures of 1 
g/cc density as a function of hydrogen content. 
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Figure 23: Percent changes in volumetric elastic scattering rates within sodium 
acrylate/water mixtures of 1 g/cc density as a function of hydrogen content. 
The elastic scattering reactions with incident neutrons in the epithermal and fast 
regions increase linearly. However, for reactions occurring with incident neutrons in the 
thermal region, the elastic scattering reaction rate increases with a quadratic trend, which 
is evident from Figure 23. As a result, total reaction rates exhibit some very slight quadratic 
behavior. In sum, elastic scattering reactions with incident neutrons in all energy regions 
increase significantly with rising hydrogen percentage, but the elastic scattering rate with 
incident neutrons in the thermal region increases more dramatically with increased 
hydrogen percentage than do the elastic scattering rates with neutrons in the epithermal or 
fast regions.  
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5.3 ELASTIC SCATTERING RATES IN SAMPLES OF CONSTANT HYDROGEN WEIGHT 
PERCENTAGE, VARYING DENSITY 
As with the capture rates, the elastic scattering rates in samples of constant 
hydrogen weight percent but varying densities were tallied. Sodium acrylate/water mixture 
densities were varied for samples of three hydrogen percentages: 3.22 weight percent 
hydrogen, 7.20 weight percent hydrogen, and 10.46 weight percent hydrogen. The effect 
of sample density on volumetric elastic scattering rates within the samples is shown in 
Figure 24.  
 
Figure 24: Total volumetric elastic scattering rate in samples of constant hydrogen weight 
percentages but varying densities. 
The results for total elastic scattering rates appear predominantly linear. However, 
when only thermal elastic scatters are considered, the results follow a different trend, as 
shown in Figure 25. 
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Figure 25: Volumetric elastic scattering rate of thermal neutrons in samples of constant 
hydrogen weight percentages but varying densities. 
The thermal elastic scattering rate within the samples show quadratic trends, with 
increasing higher curvature for more hydrogenous samples. Table 6 shows the quadratic 
coefficients of each trend line, as defined by the quadratic formula (equation 4), along with 







Table 6: Quadratic coefficients for best-fit trend lines relating thermal elastic scattering 
rate to sample density. 
 
Hydrogen Weight Percent (%) a (*10-6) b (*10-7) c (*10-7) R2 
3.22 2.263 27.99 2.311 0.9999 
7.20 11.68 9.660 5.987 0.9997 
10.46 25.60 -44.87 27.86 0.9997 
As with the capture rates in samples denser than those shown in Figure 11, the 
elastic scattering rates in samples denser than those displayed in Figures 24 and 25 reached 
plateaus, at which point the quadratic trends broke down and only minimal increases in 
elastic scattering occurred with increasing density. However, once again, the densities of 
the samples in the models displayed already greatly exceed realistic densities for this 
substance, so the results at extremely high densities were ignored. 
With results from samples of both varying hydrogen weight percentage and varying 
sample density, relationships for elastic scattering as a function of hydrogen mass could be 
studied. 
5.4 ELASTIC SCATTERING RATES AS A FUNCTION OF HYDROGEN MASS 
As with the relationship between hydrogen mass and neutron capture reactions in 
the 23Na of the sodium acrylate/water mixtures, the tallies for elastic scattering inside the 
samples were plotted against the hydrogen mass within the respective samples, and trends 
were analyzed. First, the total volumetric elastic scattering rates within the samples are 
shown in Figure 26.  
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Figure 26: Total volumetric elastic scattering rates of the sodium acrylate/water mixtures 
plotted against the mass of the hydrogen within the sample. 
The trend is roughly quadratic, but the data does not fit any curve closely. Next, the 
elastic scattering rate of thermal incident neutrons was plotted against the hydrogen mass 
within the sample. The results are shown in Figure 27 and Figure 28, with Figure 28 
showing a subset of the data of Figure 27. 
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Figure 27: Volumetric elastic scattering rates of thermal neutrons in the sodium 




Figure 28: Volumetric elastic scattering rates of thermal neutrons in the sodium 
acrylate/water mixtures plotted against the mass of the hydrogen within the 
sample. The same data and trend line are plotted in Figure 27, however the 
range of this plot is 0-1 g of hydrogen within the sample, where most data 
was collected. 
As one might expect, the rate of elastic scatters both as a whole and in the thermal 
region increase with increasing hydrogen mass content within the samples. The thermal 
elastic scattering rates within the samples display a similar polynomial relationship with 
the mass of the hydrogen within the sample as Figures 18 and 19 display concerning the 
relationship between hydrogen mass within the sample and the capture rate in the 23Na 
within the samples. However, in this case, the data did not neatly fit a quadratic curve. For 
the relationship between hydrogen mass within the samples and thermal elastic scattering 
within the sample, the fit of the trend line was improved when the order of the polynomial 
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was increased. In Figures 27 and 28, the plotted trend line is a fifth order polynomial of the 
form 
𝑦 = 1.091 ∗ 10−5𝑥5 − 5.556 ∗ 10−5𝑥4 + 1.017 ∗ 10−4𝑥3 − 5.128 ∗ 10−5𝑥2 +
2.986 ∗ 10−5𝑥 − 7.396 ∗ 10−7            (Equation 6) 
that fits the data with an R2 value of 0.999. With understanding of this observation, the 
relationship between the increase in elastic scattering reactions and the increase in neutrons 
captures in 23Na was explored. 
5.5 RELATIONSHIP BETWEEN CAPTURE RATES AND ELASTIC SCATTERING 
From the data presented thus far, it is clear that increased hydrogen content within 
the samples lead to increased elastic scattering in the samples as well as increased capture 
rates in the 23Na nuclei. The data here shows the relationship between the elastic scattering 
and capture rates in 23Na. The total capture rates in the 23Na per atom are shown against 
the total volumetric elastic scattering rate in the samples in Figure 29 
 51 
 
Figure 29: Capture rates in 23Na within the sodium acrylate/water mixtures as a function 
of total elastic scattering rates within the samples. 
Increased elastic scattering is correlated with higher capture rates in the 23Na within 
the sodium acrylate/water mixtures. However, the data does not precisely fit with any trend. 
As has been shown in prior sections, the capture rate increase in the 23Na of 
increasingly hydrogenous sodium acrylate/water samples is caused for the most part by 
increased capture rates of thermal neutrons. Therefore, the relationship between elastic 
scattering of thermal neutrons and neutron capture rates in 23Na within the samples is 
shown in Figure 30. 
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Figure 30: Capture rates in 23Na within the sodium acrylate/water mixtures as a function 
of thermal elastic scattering rates within the samples. 
The thermal elastic scattering rate is also correlated with the total capture rate in 
23Na within the samples, which is shown in Figure 30.  The trend shows that, for this range 
of data, the capture rates in 23Na are related to the number of thermal elastic scattering 
reactions that occur in the sample by a quadratic curve, though the fit is less precise than 
simply relating the capture rates in 23Na and the mass of hydrogen within the samples.  
An important note for the results in this section is that the trends broke down in 
samples with very high densities. In samples with even higher densities than shown in 
Figures 24, 25, 27, and 28, the scattering rates plateaued and did not increase significantly 
with increasing density. Similarly, for samples with higher reaction rates than those shown 
in Figure 30, the capture rates reach a plateau and remain relatively constant with 
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increasing thermal elastic scatters. However, for this range of data, the trend line fits the 
data well.  
This result, along with all of the other modeling results presented thus far, merit a 




This study of capture rates in models of sodium acrylate/water mixtures produced 
numerous results that are worthy of discussion. Most significantly, the outputs of these 
models revealed a quadratic relationship between the capture rates in the 23Na in the 
samples and the mass of hydrogen within the samples, which is summarized by equation 
5. However, this result also raises questions. For example, if the relationship between 
capture rates and hydrogen mass is quadratic, why did Trubert et al. (1991), Mackey et al. 
(1991), and even Figures 3, 4, 7 and 8 in this work show linear relationships between 
capture rates and hydrogen weight percentage? 
The answer proposed by the author of this work is that the range of hydrogen 
masses within the samples in each of those results was small. With a small range of a 
relatively flat quadratic equation, the results appeared linear. The quadratic relationship 
becomes apparent only when larger differences in hydrogen mass within the sample were 
modeled by using a large range of sample densities. When samples of varying densities 
and hydrogen weight percentages were plotted together, the relationship between capture 
rates in 23Na within the samples and hydrogen mass within the samples were shown to be 
quadratic. While more work remains to be done, which will be discussed in the subsequent 
section, a well-defined relationship between measured capture rates and hydrogen mass 
within samples could prove to be a highly useful tool in the field of epithermal neutron 
activation analysis. 
Another question arose that yet remains unanswered. It is mentioned that models 
of sodium acrylate/water samples of very high densities, higher than those displayed in 
Figure 11, reached a point where this quadratic relationship broke down, and only minimal 
increases in capture rates were observed with increasing hydrogen content. Similarly, for 
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the relationship between capture rates in the 23Na within the samples and the thermal elastic 
scattering rate in the sample, the quadratic relationship also broke down at higher values 
than those displayed in Figure 30. And in general, samples of very high density and mass 
did not follow the same trends as did samples of lower densities. A similar phenomenon 
was noted in Alamin and Spyrou (1995), in which an initial increase in reaction rates in 
several elements with increasing hydrogen content was observed, followed by a leveling 
off of reaction rates. Both of these phenomena are likely caused by a self-shielding effect 
in which the neutron flux is depressed in the center of the sample due to high levels of 
absorption on the outer layers of the sample. 
A topic of debate on the subject of increased capture rates in hydrogenous NAA 
samples is the exact cause of the observed enhancements. Some proposed causes are 
increases in elastic scattering, thermalization of neutrons, and increased residence times 
within the samples (Trubert et al. 1991, Mackey et al. 1991). The results of these models 
suggest that thermalization and elastic scattering make up the main factors causing 
increased reaction rates, at least as it applies to epithermal NAA. If increased residence 
time due to different diffusion characteristics were the cause, the models should show 
increased flux in the samples with increasing hydrogen content as a result of the neutrons’ 
increased track length within the samples. This did not occur in these models; the total 
fluxes stayed nearly identical across all sample hydrogen contents modeled.  
Increased elastic scattering, and in particular elastic scattering of thermal neutrons, 
showed correlations with the increased capture rates in the 23Na within the samples. Both 
thermal elastic scattering and total capture rates in 23Na show predictable trends based on 
the quantity of hydrogen within the samples. It is known that hydrogen readily scatters 
neutrons, and the results of the models of this work show quantified evidence that the 
increased elastic scattering within increasingly hydrogenous samples, particularly the 
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increased thermal elastic scattering, is likely a cause of the increased capture rates. The 
results of this work offer a quantification of the assertion made by Mackey et al. (1991) 
and others that elastic scattering causes increased capture rates in hydrogenous samples.  
It is important to note that the relationship between thermal elastic scattering rate 
and capture rate in the 23Na within the samples was less precise than the relationship 
between hydrogen mass within the sample and capture rate in 23Na within the samples. 
This suggests that hydrogen has an additional effect that contributes to the increased 
capture rates in 23Na, in addition to simply increasing thermal elastic scattering. 
Thermalization of higher energy neutrons could help explain the discrepancy. A significant 
shift in the neutron flux spectra in the samples occurred as the hydrogen content of the 
samples increased, evidence of which is displayed by Figures 6 and 11. In particular, Figure 
11 showed slightly decreased fast flux, constant epithermal flux, and dramatically 
increased thermal flux in samples with increasing hydrogen percentages. This result 
suggests that some fast neutrons are reduced in energy into the epithermal region, and some 
epithermal neutrons are reduced in energy into the thermal region. Based on these results, 
for epithermal NAA, thermalization of neutrons within hydrogenous samples also appears 
to play a significant role in enhancing measured reaction rates in addition to increased 
increases in thermal elastic scattering.  
Another trend observed in this work was increased epithermal resonance self-
shielding factors in hydrogenous samples. This is to say that capture rates were higher in 
the 23Na resonance peak at 2.85 keV in the models of sodium acrylate/water samples that 
contained higher hydrogen contents. Explanations for this change in resonance self-
shielding factor could include either thermalization of higher energy neutrons by hydrogen 
into this resonance energy, similar to what Trubert suggests, or simply increased flux due 
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to elastic scattering reactions, as Mackey et al. (1991) suggests. Either is a plausible cause 
for this phenomenon. 
Finally, the models reported in this work also showed that capture rates changed as 
a function of depth into the sample, and that the change depended on the hydrogen content 
of the samples. In the models of samples with low hydrogen content, the reaction rates 
were lowest near the center of the sample. For those samples with higher hydrogen 
contents, the reaction rates were highest near the center of the sample. And for the samples 
in the middle of the modeled range, the reaction rates stayed relatively constant throughout 
the sample. These changes were shown to be the result of changes in thermal capture rates. 
The likely explanation for these results is multifaceted. In the samples with low hydrogen 
content, the other nuclides in the samples likely shield thermal neutrons sufficiently enough 
to cause depressed thermal flux, and therefore reaction rates, towards the center of the 
samples. In the samples with high hydrogen content, the hydrogen increases the thermal 
flux, and in turn the thermal reaction rates, as the neutrons penetrate deeper into the sample. 
And in the samples with hydrogen contents in the middle of the range sampled, these two 
phenomena are in relative equilibrium, such that thermal reaction rates change only 
minimally within the sample. 
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7. Future Work 
Much research remains to be done on the topic of hydrogen’s effect on NAA results, 
and in particular for ENAA results. The clearest continuation of the research contained in 
this work would be experimentally measuring capture rates in sodium acrylate/water 
mixtures with varying hydrogen contents. This would either validate or disprove the 
modeling results contained in this work, and the models could be optimized to better reflect 
the experimental results. 
Beyond performing the experiments that were modeled in this work, there are a few 
factors that were held constant in the models in this work, but could be altered in future 
studies to further explore hydrogen’s effect on NAA results. The first would be to perform 
similar modeling and experimental measurements on samples of different compositions. 
The models studied in this work used mixtures of sodium acrylate and water as the sample 
material, and measured the capture rates in 23Na. It would be further illuminating to repeat 
these models and perform experiments on a wide range of sample materials mixed with 
hydrogen to see if the same or similar trends emerge for other materials.  
Another factor that could be altered is the shape of the sample material. In this 
work, all sample materials were cylinders of the same dimensions. Future work could alter 
the shape of the sample material and potentially find relationships between the sample 
shape, sample hydrogen content, and reaction rates within the sample. Mackey et al. (1991) 
studied the effect of sample shape with some fascinating results, but focused primarily on 
neutrons with a thermal spectrum rather than an epithermal spectrum. It would be 
informative to see if those dependencies on shape hold true for ENAA. Furthermore, 
Salgado, Goncalves, and Martinho (2001, 2002, 2003, 2004) found relationships between 
dimensions of various shapes and self-shielding factors in NAA materials. It would be 
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illuminating to see if similar relationships could be found for reaction rate enhancement in 
hydrogenous materials based on sample shapes.  
An ongoing challenge for studies on this topic will be devising a way to 
experimentally alter the hydrogen mass content of a sample material broadly enough to 
validate or disprove the quadratic relationship between hydrogen mass and capture rates 
observed in this work. As discussed above, quadratic trends appear linear over small 
increments, so devising a way to drastically change hydrogen contents in a material while 
keeping other variables constant will be important to experimentally validating or 




Using mixtures of sodium acrylate and water as ENAA sample materials, MCNP 
models were created to explore the relationship between hydrogen content within the 
sample, elastic scattering rates within the sample, and neutron capture rates in the 23Na 
within the sample. Several trends were observed. First, the epithermal resonance self-
shielding factor of the 2.85 keV resonance peak at in 23Na increased as hydrogen 
percentage in the sample material increased, meaning that more captures in this resonance 
occurred in samples containing higher hydrogen percentages. Secondly, capture rates in 
the 23Na either increased or decreased as a function of depth into the sample based on the 
hydrogen content of the samples; reaction rates displayed maxima at the center of samples 
containing high hydrogen contents, while reaction rates had minima at the center of 
samples with low hydrogen contents. Thirdly, elastic scattering rates increased with 
increasing hydrogen content, and in particular thermal elastic scattering rates shows well 
defined polynomial relationships to hydrogen content. Lastly, and perhaps most 
significantly, a quadratic relationship between capture rates in the 23Na within the sample 
and mass of hydrogen in the sample was observed. For a sample containing a given mass 
of hydrogen, the capture rate in 23Na within the sample showed a predictable increase 
according to a quadratic trend. Further experimental work is planned to validate or disprove 
the results contained herein.  
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